Abstract The goals of this study were to reconstruct the phylogeny of Prunus subgenus Laurocerasus section Mesopygeum and to provide a preliminary assessment of its spatio-temporal diversification in the Malesian region. We inferred the phylogeny using nuclear ITS and ETS and plastid psbA-trnH, rps16, rpl16, and trnC-petN sequences. Our analyses support the monophyly of sect. Mesopygeum. Within sect. Mesopygeum, we identified four main subclades: (i) Prunus lancilimba from continental Asia; (ii) Prunus ruthii from Malay Peninsula; (iii) a subclade comprising species from areas centered on the Sunda shelf and also a few species from continental Asia and Wallacea; and (iv) a subclade composed of species from areas of the Sahul shelf, with a small number of taxa also from areas of the Sunda shelf, continental Asia, and the Philippines. We estimated that sect. Mesopygeum originated in continental Asia at c. 44.71 Mya (95% HPD: 31.66-46.90). Nine dispersals between major geographic areas were inferred. From continental Asia, three and two dispersals were inferred to the Sunda shelf and the Sahul shelf in the mid-Oligocene, respectively. Two dispersals were inferred from the Sahul shelf region to the Sunda shelf in late Oligecene and early Miocene, respectively. There were also two dispersals inferred from the Sunda shelf region, one to the Philippines and one to Wallacea, in the middle and late Miocene, respectively. The diversification in sect. Mesopygeum was likely driven by active geologic events and orogenies in the Neogene in the Malesian region.
Introduction
Prunus L. subg. Laurocerasus Koehne sect. Mesopygeum (Koehne) Kalkman (Amygdaloideae, Rosaceae) is composed of about 35 species of evergreen trees and shrubs (Kalkman, 1965; Y€ u et al., 1986; Potter et al., 2007; Xiang et al., 2017; Zhang et al., 2017) , which are distributed in tropical Asia from India to New Guinea and the Solomon Islands, with one species in Queensland of Australia (Kalkman, 1965; Fig. 1) . Section Mesopygeum is characterized by its entire leaves, flowers borne in racemes, five (to six) sepals and five (to six) petals which are very similar at maturity, and transversely ellipsoid or didymous fruits (Kalkman, 1965 (Kalkman, , 2004 L. Zhao, personal observation; Fig. 2) .
The group was first described as the genus Pygeum by Gaertner (1788) based on some loose fruits from Sri Lanka. The first comprehensive revision of the Pygeum group was made by Koehne (1913 Koehne ( , 1915 . Many subsequent authors have treated local or regional species under the genus Pygeum (e.g., Y€ u et al., 1986; Lu & Bartholomew, 2003) . Kalkman (1965) found that the morphological distinctions between Pygeum and Prunus were not sufficiently well defined to warrant their recognition as separate genera; he therefore recognized the group as Prunus subgenus Laurocerasus Koehne sect. Mesopygeum, in which he recognized 34 species in tropical Asia and one in Australia. Kalkman also transferred the African species Pygeum africanum Hook. f. to Prunus subgenus Laurocerasus section Laurocerasus, as Prunus africana (Hook. f.) Kalkm.
During the last ten years, molecular phylogenetic studies of Rosaceae have supported both the monophyly of section Mesopygeum and its inclusion in the genus Prunus (Wen et al., 2008a; Chin et al., 2013 Chin et al., , 2014 Liu et al., 2013; Zhao et al., 2016) . However, the sampling of sect. Mesopygeum species in previous studies was limited. Thus, a much broader sampling is needed to more rigorously test the monophyly of the group and to investigate the history of its evolutionary diversification.
In addition, despite Kalkman's (1965) thorough treatment, some species delimitations within the group still require attention, as Kalkman's species concept was based on morphology only and is broad in general. In particular, Prunus arborea and P. grisea were both defined as widely distributed in southeast Asia and each exhibits considerable variability, with several varieties recognized (Kalkman, 1965) . The most important character to distinguish the two species is the inflorescence morphology. Prunus grisea has a solitary raceme, whereas P. arborea possesses two to six racemes in bundles, sometimes having fascicled racemes mixed with solitary ones.
Four of the 25 biodiversity hotspots in the world are found in Southeast Asia (Myers et al., 2000; Woodruff, 2010) . The region harbors 20%-25% of the planet's plant and animal species and includes the biogeographically significant Wallace's line, a boundary first suggested by Alfred Russel Wallace (1860) based on the distribution of faunas (Corlett, 2009 ). Wallace's line separates the eastern and the western Malesian regions (Wallace, 1860; George, 1981) . Species diversity in this region has been partially explained by its complex topography, e.g., the pock-marked limestone mountains and the large number of islands (Sodhi & Brook, 2006; Lohman et al., 2011) and its climatic history (Sodhi & Brook, 2006; Woodruff, 2010; Wong, 2011) . A number of recent phylogenetic and biogeographic case studies have been conducted to understand the biogeographic diversification of the southeastern Asian flora from a phylogenetic perspective (e.g., Su & Saunders, 2009; Chen et al., 2011; Thomas et al., 2012; Li & Wen, 2013 Grudinski et al., 2014; Crayn et al., 2015; Guo et al., 2015; Janssens et al., 2016) . The widespread distribution of section Mesopygeum in Southeast Asia, especially the Malesian region, makes it an ideal group for further investigating the evolutionary assembly of species diversity in this region.
The objectives of this study are to: (i) test the monophyly of section Mesopygeum, (ii) reconstruct the phylogenetic relationships within section Mesopygeum, (iii) elucidate the biogeographic diversification history of this group, and (iv) investigate the delimitations of the broadly defined species Prunus arborea and P. grisea. We employed sequences of nuclear ITS, ETS and psbA-trnH, rpl16, rps16, and trnC-petN of the plastid genome to reconstruct the phylogeny. We also expanded taxon sampling from prior studies to include 20 species of section Mesopygeum, as well as Prunus africana (a species formerly included in Pygeum), representatives of other Prunus subgenera, and an outgroup.
Material and Methods

Taxon sampling and outgroup selection
In this study, we used the treatment of section Mesopygeum by Kalkman (1965) to guide our sampling. We sampled 77 plant accessions in total, of which 51 comprised 20 species of the section collected from throughout its geographic range and representing its morphological diversity. In particular, we sampled members of section Mesopygeum from tropical Asia, India, New Guinea, the Solomon Islands, and Australia. The remaining 26 accessions represented 22 additional species from other sections and subgenera of Prunus and Physocarpus opulifolius, which was selected as the outgroup (Appendix 1). In addition, we used 36 sequences from our previously published studies (Wen et al., 2008a; Chin et al., 2013 Chin et al., , 2014 Liu et al., 2013; Zhao et al., 2016) . Accession information is provided in Appendix 1. All voucher specimens are deposited in the United States National Herbarium (US) or the herbarium of the University of California, Davis (DAV).
DNA extraction, amplification, and sequencing
We extracted total genomic DNA from silica gel-dried leaves using the DNeasy Plant Mini Kit (Qiagen, Crawley, UK). Primers for amplification and sequencing were "ITS5a" and "ITS4" for ITS (Stanford et al., 2000) , "RosF" and "2LR" for ETS (Cho et al., 2014) , "psbAF" and "trnHR" for psbA-trnH intergenic region (Sang et al., 1997) , "F71" and "R1516" for rpl16 intron, "rps16_F" and "rps16_R" for rps16 intron (Shaw & Small, 2004) , and "trnC" and "petN1R" for trnC-petN intergenic region (Lee & Wen, 2004) . We performed all PCR amplifications in 25 mL reactions containing 1.5 mmol/L MgCl 2 , 0.2mmol/L of each dNTP, 0.4 mmol/L of each primer, 1 U of Taq DNA polymerase (Qiagen), and approximately 10-50 ng of the template DNA. The amplification conditions were 3 min at 95°C, followed by 35-38 cycles of 1 min at 94°C, 1 min at 51-57°C, and 1-2 min at 72°C, then a final extension at 72°C for 5 min. We purified our PCR products using ExoSAP-IT (USB Fig. 1 . The geographic distribution of Prunus section Mesopygeum. A, region of the Sunda shelf, including the Malay Peninsula, Sumatra, Java, Bali, Borneo, and the adjacent small islands. B, region of the Sahul shelf, including New Guinea and adjacent northern Australia. C, the islands in Wallacea, including Sulawesi, Timor, Lombok, and the neighboring small islands. D, the Philippines. E, continental Asia. In each part of the area is indicated the number of species, in brackets the number of endemics.
Corporation, Cleveland, Ohio, USA) and directly sequenced the cleaned products using the amplification primers. We performed cycle sequencing reactions using standard protocols for BigDye Terminator v3.1 and we filtered the sequencing products in Sephadex G-50 columns. We fluoresced and read the sequenced products on an ABI 3730 automated sequencer (Applied Biosystems, Foster City, California, USA).
Sequence alignment and phylogenetic analyses
We assembled the forward and reverse reads in Geneious R11 (http://www.geneious.com) (Kearse et al., 2012) , trimmed the mixed signals at the ends, adjusted them manually and obtained consensus sequences. We aligned sequences in MUSCLE (Edgar, 2004) and adjusted them manually in Geneious R11. We coded the insertions and deletions as binary characters using the program SeqState (M€ uller, 2005) with the "simple coding" method (Simmons & Ochoterena, 2000) . We combined the DNA sequences with the binary characters using the program SequenceMatrix (Vaidya et al., 2011) .
We first constructed separate phylogenetic trees based on the nuclear dataset (concatenated ETS and ITS sequences) and the plastid dataset (concatenated psbA-trnH, rpl16 intron, rps16 intron and trnC-petN sequences) (Data S1). For each dataset, the best partitioning scheme and the best-fit nucleotide substitution model for each partition were determined by PartitionFinder v.1.1.1 (Lanfear et al., 2012) . In PartitionFinder, the branch length was linked, and the Bayesian Information Criterion (BIC) metric and the greedy algorithm were used. Data blocks in PartitionFinder for the nuclear dataset were set as the ETS, ITS1, 5.8S and ITS2 blocks, while those for the plastid dataset were set as the psbA-trnH, rpl16 intron, rps16 intron and trnC-petN blocks. The dataset partitioning scheme and the nucleotide substitution models are shown in Table S1 . Fig. 2 . Morphological diversity of species of Prunus section Mesoygeum and the close relatives. A, Prunus arborea. B, C, P. arborea var. montana. D, E, P. costata. F, P. grisea var. microphylla. G, P. grisea. H, P. maingayi. I, P. topengii. J, P. arborea var. montana. K, P. patens. L, P. polystachya. M, P. topengii. N, P. maackii. O, P. laurocerasus. P, P. hypoleuca. Q, P. hypoxantha.
Bayesian inferences (BI) were carried out in MrBayes v3.2.5 (Ronquist et al., 2012) by using the partitioning schemes and the substitution models determined by PartitionFinder. The model applied to the coded binary characters partition was a default Standard Discrete Model in MrBayes (Ronquist et al., 2011) . Model parameters were unlinked among partitions. Our Bayesian analyses comprised two independent, simultaneous runs from different random trees with three heated and one cold chain. We ran the analyses for 10 000 000 generations of the Markov chain Monte-Carlo (MCMC), and we sampled the MCMC chain every 1000 generations for a total of 10 000 trees per independent run. Tracer v.1.6 (http://beast.bio.ed.ac.uk/ Tracer) was used to check the effective sample sizes (ESSs) of the parameters and the convergence of different runs. We discarded the first 2500 trees from each run as burn-in and used the remaining 7500 to construct a 50% majority-rule consensus tree and calculate the posterior probabilities (PP).
We also carried out phylogenetic reconstructions under the maximum likelihood (ML) criterion in RAxML v.8.2 (Stamatakis, 2014) with the partition scheme the same as in the BI analyses. We allowed RAxML to estimate and optimize model parameters for each partition by using the GTRCAT command in RAxML. We determined statistical bootstrap support (BS) of each group in RAxML using the rapid bootstrapping with a random number seed and 1000 iterations.
We compared the trees generated based on separate analyses of the nuclear and the plastid datasets (Figs. S1, S2). We found no obvious conflicts between trees for the two datasets concerning relationships within the Mesopygeum group, but clear conflicts are present among non-Mesopygeum Prunus species, consistent with previous reports that multiple hybridization and allopolyploidy events contributed to the origins of the racemose taxa in the outgroup taxa of Prunus (Zhao et al., 2016) . Thus, for subsequent analyses, we used the concatenated nuclear and plastid datasets for just the Mesopygeum species and only the plastid dataset for the outgroups (coding the non-Mesopygeum nuclear data as missing for the outgroup Prunus species). The strategies for these phylogenetic analyses were similar to those mentioned above. The dataset partitioning schemes were the same as for other analyses and the nucleotide substitution models are shown in Table 1 .
Divergence time estimation
We estimated the divergence times of Mesopygeum in the BEAST v2.4.3 package (Bouckaert et al., 2014) using the concatenated nuclear and plastid datasets for the Mesopygeum species and only the plastid dataset for the outgroups. The nucleotide substitution models are shown in Table 2 . The Log Normal Relaxed Clock model and the Yule process tree model were used. The clock model was linked across dataset partitions, and the tree model was also linked. Because there is no reliable Mesopygeum fossil, we used three calibration points as follows: (i) 61.5 Mya (95% highest posterior density (HPD): 56.7-67.4) for the crown age of Prunus s.l. (Chin et al., 2014) ; (ii) 55.0 Mya for the stem age of the Cerasus lineage, according to the endocarp fossil P. wutuensis from the early Eocene (Li et al., 2011) ; (iii) 29 Mya (95% HPD: 16.7-42.9) for the crown age of Mesopygeum (Chin et al., 2014) . A normal distribution with a mean of 61.5 Mya and standard deviation of 3 Mya, a lognormal distribution with a mean of 1 Mya and a standard deviation of 1 Mya and offset of 55 Mya and a normal distribution with a mean of 29 Mya and a standard deviation of 7 Mya were assigned for these three calibrations, respectively.
We ran the MCMC for 50 000 000 generations and the parameters were stored every 1000 generations. We performed two independent MCMCs, and used the Tracer v.1.6 to check the ESSs and the convergence of the two runs. The ESSs of all the parameters were well above 200, and the two runs were convergent. The results from the two runs were combined after a 25% burn-in of each run using LogCombiner (Bouckaert et al., 2014) . The Maximum Clade Credibility (MCC) tree was searched in TreeAnnotator (Bouckaert et al., 2014) , and each node with a PP > 0.5 was annotated by its mean age and its 95% HPD.
Ancestral area reconstruction
Based on the distribution of Prunus section Mesopygeum and its close relatives, we recognized eight areas of endemism: (A) region of the Sunda shelf, including the Malay Peninsula, Sumatra, Java, Bali, Borneo, and the adjacent small islands; (B) region of the Sahul shelf, including New Guinea and adjacent northern Australia; (C) the islands in Wallacea, including Sulawesi, Timor, Lombok and neighboring small islands; (D) the Philippines; (E) continental Asia; (F) Africa and Madagascar; (G) tropical America including the Caribbean region; and (H) Europe (Kalkman, 1965; van Welzen et al., 2011) . Madagascar was included in (F) as part of Africa because there is only one widespread species of Prunus (P. africana) in both regions. These areas were designated based on the current distributions ( Fig. 1) , also considering our sampling (Appendix 1).
We conducted the ancestral area reconstruction (AAR) of section Mesopygeum using the R package BioGeoBears version 0.2.1 (Matzke, 2013) on the Maximum Clade Credibility (MCC) tree run under the optimal clock model and tree speciation prior. In the statistical biogeographic inference, because the likelihood-based models with the þJ parameter are invalid because of errors in the estimation of likelihoods (Matzke, 2014; Ree & Sanmart ın, 2018) , we used three commonly used biogeographic models: DIVA (Dispersal-Vicariance Analysis; Nylander et al., 2008) , DEC (Dispersal-Extinction-Cladogenesis; Ree & Smith, 2008) and BayArea (Bayesian Analysis of Biogeography, Landis et al., 2013) . The fits for the different models were assessed using Akaike information criterion scores. The maximum number of area was unconstrained (up to eight). Prunus arborea and P. grisea were defined by Kalkman (1965) as widespread Table 1 The best partitioning scheme and the best-fit nucleotide substitution model for each partition for each dataset, using the concatenated nuclear dataset and the plastid dataset for just the Mesopygeum species, but only the plastid dataset for the non-Mesopygeum Prunus taxa
Dataset
Partitions Model
across five areas (A, B, C, D and E), but they were subdivided based on geographic distributions for our analyses, as our data clearly indicate that both species have been too broadly defined and that each of them should be split into several taxa (see Discussion).
Results
Phylogenetic inferences
The plastid and nuclear data set comprised 4339 characters in total, of which 1109 were variable and 565 were parsimonyinformative in the aligned matrix of 77 sequences. We present the sequence information in Table 3 . Results of the RAxML and BEAST analyses of the nuclear dataset were congruent (Fig. S1 ). The relationships within Prunus s.l. were not well resolved. However, section Mesopygeum was monophyletic with high support (BS ¼ 92%, PP ¼ 1.00). The Padus and Laurocerasus groups did not form distinct clades. Members of Maddenia, Cerasus, and Prunus-Amygdalus formed three clades, respectively. Prunus africana was not included in the Mesopygeum clade, and it was united with other members of subgenus Laurocerasus.
The phylogenetic resolution of Prunus s.l. based on the plastid dataset was poor in both ML and Bayesian analyses (Fig. S2) . Section Mesopygeum was monophyletic (BS ¼ 100%, PP ¼ 1.00) and was nested within a larger clade composed of members with racemose inflorescences except P. africana. Species of Cerasus and Prunus-Amygdalus formed a clade (BS ¼ 96%, PP ¼ 1.00). Members of Padus and Maddenia also formed a clade (BS ¼ 85%, PP ¼ 1.00). Nevertheless, the topologies within section Mesopygeum were largely congruent with the tree based on nuclear data.
The tree generated from the concatenated the nuclear dataset and the plastid dataset of section Mesopygeum (but coding the non-Mesopygeum nuclear data as missing) showed that section Mesopygeum was monophyletic with high support (BS ¼ 98%, PP ¼ 1.00). Within the clade of section Mesopygeum, we resolved the following four main subclades (Fig. 3): (1) subclade I had only Prunus lancilimba from northern Vietnam; (2) subclade II included only Prunus ruthii from Malay Peninsula; (3) subclade III was composed of Prunus arborea, P. ceylanica, P. malayana, P. oocarpa, P. patens, P. polystachya, P. togengii, and P. wallaceana (BS ¼ 92%, PP ¼ 1.00), species that are largely distributed west of the Wallace line; and (4) subclade IV included Prunus costata, P. dolichobotrys, P. gazelle-peninsulae, P. grisea, P. maingayi, P. pullei, P. schlechteri, P. schrophylla, and P. turneriana (BS ¼ 97%, PP ¼ 1.00), most of which are distributed east of the Wallace line, except that P. arborea are from the Sunda region. Prunus ruthii was sister to either subclade III or subclade IV, both with low support (Figs. 3, S1, S2); but it was occasionally found to be sister to P. lancilimba (Fig. 4) .
Molecular dating
Divergence time estimates for section Mesopygeum and its relatives using the concatenated the nuclear dataset and the plastid dataset (coding the non-Mesopygeum nuclear data as missing) are shown in Fig. 4 
Ancestral area reconstruction
The likelihood values of the three models used in AAR showed that the DEC model with all eight areas unconstrained fitted our data the best (Table 4 ). The most recent common ancestor of section Mesopygeum was inferred as most likely to have been distributed in the region of continental Asia (area E) and then dispersed to the Sunda shelf (area A) and Sahul shelf (area B) (see Fig. 5 ). The results also reveal the important Table 2 The divergence time estimation dataset partitioning scheme and the best-fit nucleotide substitution models for each partition as determined by PartitionFinder
Dataset
The nuclear dataset and the plastid dataset for the Mesopygeum species are concatenated and only the plastid dataset for the non-Mesopygeum Prunus taxa (coding the nonMesopygeum nuclear data as missing). shown by Prunus grisea. Also from the Sahul region, there were two dispersals to the Sunda shelf in late Oligecene and early Miocene, respectively, shown by Prunus arborea, P. maingayi, and P. grisea (Fig. 5) .
Discussion
Monophyly of Prunus subgenus Laurocerasus section Mesopygeum
The monophyly of section Mesopygeum is strongly supported by our analysis with a broad taxon sampling scheme. The African Prunus africana, originally described as a species of Pygeum, is not included in the clade corresponding to section Mesopygeum, consistent with Kalkman's (1965) treatment. These results are in agreement with those of previous molecular phylogenetic studies (Wen et al., 2008a; Chin et al., 2013 Chin et al., , 2014 Liu et al., 2013; Zhao et al., 2016) . Consistent with previous work, our phylogeny shows that the clade of section Mesopygeum is nested within a larger clade that includes all taxa of Prunus with racemose inflorescences, which have generally been treated as subgenera Laurocerasus and Padus and the genus Maddenia (Figs. 3, S1, S2 ). However, members of section Mesopygeum can be easily distinguished from the other members of this larger clade (Kalkman, 1965;  Table 5 ). Members of section Mesopygeum have evergreen entire leaves, racemose inflorescences that lack leaves at the base, ten to twelve perianth parts that are nearly identical at maturity, and transversely ellipsoid or didymous fruits. The taxa of subgenus Laurocerasus section Laurocerasus, all native to the Old World, as well as those of the unnamed New World section recognized by Kalkman (1965) are similar to those of section Mesopygeum in being evergreen with axillary inflorescences that are leafless at the base of the rachis, but differ in having distinct petals and sepals, globular to ellipsoid fruits, and, in some cases, serrulate to dentate leaf margins. Taxa of subgenus Padus are deciduous with terminal inflorescences, usually with leaves at the base of the rachis, five sepals and five petals. Members of the Maddenia group, formerly treated as a separate genus but shown to be nested within Prunus (Chin et al., 2010) are deciduous, with toothed leaf margins, terminal inflorescences, and sepals and petals that are indistinguishable (Kalkman, 1965 (Kalkman, , 2004 ).
The precise phylogenetic position of P. africana within Prunus has varied in previous phylogenetic studies (Wen et al., 2008a; Liu et al., 2013; Chin et al., 2014; Zhao et al., 2016) , but it has never been resolved as nested within section Mesopygeum. Our phylogenies place P. africana in a clade with some species of sections Laurocerasus, Padus, Cerasus, and Maddenia (Fig. S1 ), or in a clade with members of Cerasus and Prunus-Amygdalus (Fig. S2) . Prunus africana possesses some unique characters, such as leaves with incised margins and the glands situated at the margins. It is similar to P. pygeoides from Asia except that its racemes occur in the axils of cataphylls and there are no empty bracts at the base of the raceme. Thus, although clearly not a member of the section Mesopygeum clade, the precise position of Prunus africana remains unresolved.
Major subclades and biogeographic diversification in section Mesopygeum
Our analyses have divided section Mesopygeum into four geographically defined subclades, although the relationships within each of the subclades III and IV are not well resolved (Figs. 3, S1, S2 ). Subclade I is monotypic, composed of Prunus lancilimba from northern Vietnam. P. lancilimba is morphologically highly distinctive with its tripartite bracts, long stipules, and obovoid fruits (Kalkman, 1965) . Subclade II includes only the newly discovered Prunus ruthii from the montane areas of the Malay Peninsula. Subclade III contains species primarily (Figs. 3, S1, S2 ).
Phylogenetic and dating analyses of Prunus s.l. suggested that the genus appeared at $61 Mya in eastern Asia (Chin et al., 2014) . Section Mesopygeum diverged from other lineages during the mid or late Eocene. Based on the phylogeny-based statistical biogeographic inference, this section most likely originated in continental Asia in the early Cenozoic, where the diversity of Prunus, especially the lineages with racemose inflorescences, was high (Chin et al., 2014; also see Figs. 4, 5) , and then colonized other regions of Southeast Asia and continental Asia.
The Wallace line was proposed to represent a major paleogeographic and biogeographic boundary in the Malay archipelago, dividing tropical Asia into Indo-Malayan or the Oriental region in the west and the Australasian region in the east (Wallace, 1860 (Wallace, , 1876 (Wallace, , 1910 , and has been discussed primarily based on animal distribution data with little plant evidence supporting it (George, 1981) . Van Welzen et al. (2011) conducted phenetic analyses of 7340 plant species distributions and suggested partitioning Malesia into three regions: the western Sunda shelf minus Java (Malay Peninsula, Sumatra, and Borneo), Central Wallacea (Philippines, Sulawesi, Lesser Sunda Islands, Moluccas, and Java), and the eastern Sahul shelf (New Guinea). Central Wallacea has often been viewed as a transitional zone between the Sahul shelf and the Sunda shelf (Crayn et al., 2015) .
Geologic activity in Southeast Asia may have spurred evolutionary diversification events in section Mesopygeum. In particular, the times at which subclades III and IV diversified during the Eocene-Oligocene boundary roughly correspond to the timespan of the collision of the Australian plate with the Eurasian plate at approximately 25 Mya. The collision of the Australian and Eurasian plates resulted in great changes in plate boundaries, which probably provided pathways for the eastward migration of plants (Hall,1998 (Hall, , 2001 , and colonization events towards southeast of the Malesian region might have occurred during the Oligocene. This west to east dispersal trend is similar with other taxa in Southeast Asia (e.g., Begonia, Thomas et al., 2012; Paphiopedilum, Guo et al., 2015; Musa, Janssens et al., 2016) .
In addition, the collision of the Australian and Eurasian plates might have provided pathways for the dispersal back in a westward direction, which is obvious in subclade IV. The orogenies in Southeast Asia caused by the collision of the Indian and the Asian plates in the early Tertiary might have led to major changes of habitats and climates, as well as changes of the sea and the land (Hall, 1998 (Hall, , 2001 (Hall, , 2009 ). The tropical flora continued to diversify in this region as the result of strong ecological barriers along elevational gradients on new mountain ranges (Wen et al., 2008b; Li & Wen, 2014 . Fluctuating sea levels periodically converted mountains into geographically isolated islands, which also facilitated speciation (Sodhi & Brook, 2006; Woodruff, 2010) . In addition, orogenies in New Guinea were active during the middle Miocene (Morley, 1998; Hall, 2001 ) and may have further intensified the diversification of the members of section Mesopygeum, which has high endemism in New Guinea (Kalkman, 1965 ; also see Fig. 1 ).
At the same time, the relatively recent divergence of many species of section Mesopygeum appears to be linked to sealevel fluctuation and climate changes. The sea-level fluctuations might have resulted in open niches, and also likely provided corridors for species dispersal or geographic barriers that stimulate speciation (Guo et al., 2015) . During the glacial maxima, the Sunda and Sahul shelves became land areas that connected with Asia and Australia, respectively. All these events may have promoted the rapid radiation of section Mesopygeum in these regions.
Our results suggest that section Mesopygeum radiated independently in two main centers of diversifications, i.e., in the Sunda and Sahul shelves, regions roughly west and east of the Wallace line. Most parts of western Malesia were already present in the Tertiary. After the Miocene, most lands were covered by forests from continental Asia towards the Sunda shelf (Hall, 2001 (Hall, , 2009 (Hall, , 2017 . Lowland rainforests also covered parts of the currently flooded Sunda shelf (Morley, 1999) .
During the Pliocene-Pleistocene glacial period, the now submerged Sunda shelf formed a continuous landmass because the sea level was more than 60 m below today's level (Voris, 2000) . A north-south corridor was postulated extending down the Malay Peninsula. This landmass might have enabled the migration of many species of section Mesopygeum across the Sunda region, which is consistent with the findings in animals (e.g., Inger & Voris, 2001) , as well as with our results.
However, most land east of the Wallace line did not appear until the late Miocene and Pliocene. According to our results, species of section Mesopygeum dispersed from the Sunda shelf region to the area east of Wallace's line independently at least two times (once to Wallacea and one to the Philippines). In addition, several species from the Sunda region (Prunus arborea and P. maingayi from western Malesia; P. grisea from the Philippines and Vietnam) are nested within species from the Sahul shelf (Figs. 3, S1 , S2), indicating that the dispersal pattern was bidirectional. Central Wallacea may have played an important role in the dispersal of this subclade during Oligocene to Miocene, but our current sampling from that region is too scarce and does not provide the phylogenetic resolution to assess the biogeographic role of Central Wallacea.
4.3 Delimitations of Prunus arborea and P. grisea: "cryptic" species in tropical Malesia Our phylogenic trees (Figs. 3, S1, S2) show that most samples of P. arborea are nested with the taxa from west of the Wallace line, but all samples of P. grisea are mixed with taxa from east of the Wallace line. The exceptions -i.e., one collection identified as P. arborea that was resolved in subclade IV -may represent misidentifications due to lack of material with diagnostic features (inflorescences). This result strongly suggests that both P. arborea and P. grisea need to be delimited more narrowly, and there may be several "cryptic" species as revealed by the molecular phylogenetic data. In fact, these species may not be truly cryptic, as our field and herbarium studies suggest that other morphological characters, such as inflorescence length, flower number, pubescence on leaves and stems, and habit (shrub vs. tree), may be utilized to delimit species more precisely in this group. Clearly further systematic studies are needed to delimit the two species using integrative data of morphology, molecules, and ecology , as it is clear that both species have been too broadly defined by Kalkman (1965) and should be divided. Y€ u TT, Lu LT, Ku TC, Li CL, Chen SX. 1986. Rosaceae (3) 
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The following supplementary material is available online for this article at http://onlinelibrary.wiley.com/doi/10.1111/ jse.12467/suppinfo: Fig. S1 . Bayesian tree inferred from the nuclear datasets (ITS and ETS) sequences of Prunus section Mesopygeum and representatives of other major groups in Prunus using BEAST. Likelihood bootstrap (right) values (!50%) and Bayesian posterior probabilities (left; !0.95) are given above branches. Dashes represent bootstrap 50% or posterior probabilities 0.95. Fig. S2 . Bayesian tree inferred from the combined plastid datasets (psbA-trnH, rps16, rpl16, and trnC-petN) sequences of Prunus section Mesopygeum and representatives of other major groups in Prunus using BEAST. Likelihood bootstrap (right) values (!50%) and Bayesian posterior probabilities (left; !0.95) are given above branches. Dashes represent bootstrap 50% or posterior probabilities 0.95. 
